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As all awis(alm  ill tlIc dcvclol]]lmit  allrl VCI itication of (:11’1 ) II KXICIS  of
tlIc lIybl id 1 odd (“]ml c“ 01 “classic”) cmnbus[iml III ocms, tllc objcdivcs  of this
study wmc to bound the lcla(ivc I)lolmtiolls  of radiative ard cmwcctivc  }Ical

tI allsfcl to tlIc sol id  fud and to Clctcllllillc tllc ]yolysis  law fw llydIoxyl-
to I [Iinatd  ]mlylmladic]lc (11’1’1’11) Uldc.1 hybl id hcatil Ip, cmditimw  ‘1’csts vm c
cat I icd out with a hyhid slab wildmv niotol, usills smw al dla~tmstic  tcclnliqum,
OVCI a I aIIU,C of IIotm 1)1 ww c an(l oxidi/cl ltlaw flux Cmditiol]s.  ‘II Ic I csults, fm
tl]c most pat t, al c cmsistmt  witli tul hulmlt tmmdaty layu uulvcctik’c heat flux
a s  t}ic ]]Iitllaly  nmcltaliistll  fb clr ivil]c ]cglcssim]  I ate. 1 lmvcwm,  ~Jal ticlc
J adia(ioJl fl m tiIIe powluy soot is a si?,[liticallt heat flux coJltl ibuto] fm INII c
11’1’1’13 f’d, ald slmulcl bc ac.cjout  ltcd fm ill attclnl~ts to ])J did fhd I cp,t cssim I
I aks altd sim-scalil]~ ctlkts.
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])1 cssur  c (cx]ucsscd  ilI l’si fol USC with colIstal Its ~,ivcll)

1’] ald[l ]Iulllt}cl

heat flux

p,as lCIN])CI  atu[ c

]adiatinp, pal[iclc tCIIq ICI atul c

surface tclrll}c[a(utc

ciis(ailcc flollll lca(lcll(lc)ff~lcl F,l:iirl

wci~)lt  fl acrtiml C)f I adiatillp, ])al ticlcs

total lmat flux

cmwcdivc  heat flux

ladiativchcat  flux flolntllc  F,as

I adialivc llcat flux fiOIII tlIc l)altidc  cloud

r,as viscosity

Stcfan-]  kdtzmatl  cons[allt

]llhoduction

Ilyl)Iicl prq)ulsiori is  being colwiclcxd  f(n advaIIccd laultc}) vd]iclc
apl)licatiolls CIUC to the fact that it OITCIS advallta~,cs of safety, low cmt,
cnvil omnctIlally Imligtl cot nhwstioll ]noduds, attl active ])CI  fo] Illancc and ]Ilissio]l
flcxil)ility  I clativc to cut I CII( Iocrkct hooslms. 1-2 A litllitatioll, howcvcI, of tlIc
“c]assic” hyl]l-icl I-OCkCt collccl)t  is the I cg~ cssiol)  x atc })1 q)cl tics of the solid fUC1.
RcF,lcssiorl ]atcs lCIK1  to k l o w  (an oIdcI of  nlap,rtitudc 10WCI tllall solid
],l()])cllallt latcs)a\ld ~lc~wildcIlt  l[l)c}ll tilcfuc] glaiilf,cc)]llctIy.  ‘I’hisis  hccausctl]c
Iatcs  mc coltlmllcct hy tlic fluid dy]amics  of the tmm(tary laycl cslaldislmd
adjaccllt to the solid fllcl sulfacc - the locatio]l of tllc lcactal[ts Illixillp,  atd
comlms[ion aldthctlansfct ofhcat backtotllcfucl  sulfacc. ‘1’hcsc]c~~cssicm
]tilc])] c~l)cltics  l]avcall ilIiJ)acl  oIJUlcv(~l[ltl  lctricl()a(litlp, all(l~ltiliz(itio ]lcnlcicllcy
of tllc solid fk].

AftcI colsido aldc woIk duI itl~, tllc 1960’s~  hylII id pI o]mlsiml I{&] ) has
t)cm vitlually non-cxistci]l mdil I cccnt yea] s.4 As a ])al I of this IcJIcwcd il}tctcst,
l]’],, UIIdCJ NASA s}]()l~sc)l-slli}  J,]last]ccIl  c.(~1l(lllctitlf, :]hyl)]i(l  fllclco]lll)t]stio]l”
Ic.scaIcJI ])]op)am to modcllliz.c 01 advance (w s(atc d hmvlcd~,c of llIc
cml)lmstion  ploccss a s  a  ]Ilcatls of ovctcolllil)p, tllc ahovc ]cp)cssiml MC
litllitati(nls,  ‘1’lic])lc)~~alllltas IIa(lthcc  d)jcctivcs:

Assist in I}IC dcvck)l)lllcld of iln])~ ovcd hylH id fuck’
IJIJI)J ovc OUI wdm slardill~ of tllc IIlccllat lisms colltl ollill[: fkl
I cp) cssioll I alcs6’7



1 ksa ilm tlm o]m aliollal chat ado isticx, illcludifl~, caldmstiml
stal]ility aIId si~c-scalirl~, cfl’cck, of ])] O]mscd hylu id
1 II olnll;ioll colm}k7’R

As an assistance in tlw dcvc]o]mlcllt  of (~l;l ) morkls of the hylu id
m ldmtion lIIoccss,  s]mific ohjcctivcs of tllc wo] k I CIIOI  kd lICI c wcic to lJOuIId
tlIc I clativc ])ropoltimts of xadialivc ald cmwcctivc l~cal tt al~sfcl 10 the fuel
sut facx in tllc dcvclo]ml bou IIdaI y laycl 1 cp,io]l and to dcto Inirlc the Iyolysis  law
fol lJydI  oxy]-tcl  Jninatml ]mlylmt  adimlc (1 1’1’1’1 1) ulIdcI lIylII id I ockct hcatinp,
C.mditiolls.

:1’cs( 1’1 Op,l all)

‘l”hc  s[uclics wclc cat] iccl out usillf, a lIybl id slab wirdow mokw
a]l]laltltU$  S] IOWJI SC]lCll)abCal]y ill ]:lp,UIC ]. It CX)llSiStS CJf a (]) hCad-Clld C] OSLIIC,

(2) flow S(I aipldclm /ip)lilc3  scctiml  with (3) flow sl[aip)ltcllillp, scIccIIs, (4) tc.st
scclioll with qual [/. Vimvillg }m] 1s, (5) aft co]nlmstol  scc[ioli, (6) aft ck)sLuc with

~/)  p,I a])llitc IIcvxlc,  (8) intcl Ilal sl]acc] to cx)IItIol  Iml IICl cl oss-scctiorlal  alca, (9)
fuel castitl~,  I)asc })latc, and (10) fuel slal]. Sinplc (as SIIOWJI)  m o] Ilmcd dual
mclallp,ulal  fuel slabs have txcli tested, w’ith p,aseous oxyp,cl I ((; OX) as the
oxidim  itlicc.tarlt. While adal)table to a variety of diagtmtic  lncasu!cnmlt
tcclmiqucs,ilc a])]matus  is limited to illtcl Jlal }Jlcssut  cs of less tllall 315 psi (2.2
Ml’a) and oxidim head-end sl)ccific  flow l-atcs of lCSS than 0.15 llun/ir?-s  (0.01
I@cm’-s).  Mcasulcd IIJOIOI  pI CSSLM c-oxidim  flux COI J clatim)s fo] the family of
IImz~lc tlII oat diamctcls al c SIIOWJI  it 1 l:igut c ?. ‘1’hc ap])at  atus has lJCCII  dcsc4 ibcd
ill p, I catc] detail ill Rcfclcncc 5.

Mcasulcmcnk  maclc in the slab rmtor  mlsistcd  of the fbllmvinc
fllcl I qy cssioli I ales (avci ap,c al)d local values as a function of
motm axial posit  iorl) at d slxciflc flow I ales
Hdol” ]11 Cssul c
iljcctal)t flow tul lmlclIcc ald I ouQIIIcss  of Cml]lbuslion
conibusLiOIl  cfhcicncy
cxtillg~lisllal~  ility of p,as-gcllcl ator t~~c lIybI id fuels
wi~dowcd llip,ll- sl)ccd video of the C.olnlm[ion lWXCSS
gas tcln]m atule and f(lcl sul face tcl Ii]m atul c
co InpoIIcIIk  of I adiatio~l  atd convective IIcat h allsfcl

I;CJI h tcs[s rc}mtcd }Icr-c the slab motoI  was iilstl LHIKMLX1 pa tlm
I cs])ectivc test c,oIIfiF,uI  ations SIIOWLI  ill l;igul c 3. bnfip,ur ation A consiskxl  of
heat fllJx ]Ilcasul ctncnts iIj the afl x cp,icm of the nmtol with a calm ilnctel (k,tal)
arid I“adiolnctc] (1’adiatiml Colnjmllcllt). (hlfif,ut  ation 11 used 11/ IIyron~&y to
Illcasut c the COJC ~as tcmpcl at ulc and t}ic coltlbustillg  fuel sm face tcllq)clatutc
ill the rIICJtOI-  afi !“cf,ion. ~oIIfiguI ation ~ conlbinc{] A and ] ] - Cak)l imcka slid
I adionlctcl ]ncasul cLnc LLs it) tlIc aft lc@JII and II< pyI omctcI IllCa SLII CIIICIItS in llIC

fol ward legion of tlIc llmto~.

~oI c ~,as tcmpct aturc mcasurcmcnts  WCI c pcI fmluccl with a MIkI  011
SCI ics “/71 t 2?-CCJ]OI  infi a! cd thcI Jnolnetcl.  ‘1’}Ic  insh urlmlt  has a field of view of
25 Imn (1 illcll) diamctcl al~d time ICS]KMISC  (ZC1O to 95% of final value) of 40
II IS. A Mikl WI SCI ics M67S ii~fl al-cd tllcl Jnolnctcl was used fm the conhs~illg
fuel suI face tmnpcl  atut c mcasm clncl]ts. It O})CI atcs at a IlalJ ow wavclcnfjh

ccIIlcI cd at 3.8S  micl oIIs,  which allowed Vicwillr,  tlIt ou@I tllc qual V window and
])CllCtJ  at ion t]Jl OUf$ thC F>aSCOUS ])1 OCllJCtS Of COlll~JUStiO1l. “]hC fJCki of ViCW JHld

till)c Icsl)OIIsc  a!c 25 IIIJII  and 100 Ins, lq)cctivc]y.
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A 1 ly(~ril  wakv -coolccl asyo})totic  calol ilt lctcl aid I adiolnctcl  WCI c
1] mu ltc’d go” to the fuel s]ab sul faces. Acia])tcls a]]ow’cd  t]lclll to k lImldcd  ill
tile atl w’ildow’  po)ts  suc]t that tlmil smlsinp,  su] faces vm c ftusll with tllc walls of
tllc cOIIIlmtot.  (~ak)l  illlckis will two ciilTcr cllt full-scale I all~,cs wc] c used - 7ci o
to 1 ‘/S 1 l’1’(1/ft2-s,  p,mcl ul) to all cxh almlatcd imiicatcd total flux of almt 350
11’1’Ll/ft2-s  (95 cai/c.ln2-s), and a 7CI0 to 1000 mm-s (270 cal/cln2-s) unit.
Nolni])al ]CSIMMC  tilncs alc 5 0  ltls all(i 1 8 0  IIIS fh  lhc  cak)lilllctci and

I adiol)hu, 1 q)cctivcly.

:1’CSI  Rcslllts

I;UC1 l<c~jcssion  Rates

Additional fuel lcp,lcssion  late data wrcrc ol)tainccl in asmcialioll  w’itll
tile II]casul clmlts  of tc]npo aku cs arl(i heat fluxes. ‘1’hc tirnc-avcragccl  latcs w’cI  c
cictc] )llild I,y botli l~fol c anti aficl lncasul clnmd all(i wcig}ling of the fuel slabs.
RcsLdts al c S]1OWII in l;if,Lu m 4 and 5, top,ctllcl with analytical mode] caiculatc(i
I csults puh]isllccl  ])lcviously.7

‘1’lIC IImcicl is based 011 the classical clc~)cJklcc  of rcg[cssiorl x-ate I atc
011 collt’cc~ivc hcai h ansfc] ill the turboictd bourdaly layer, and is in I casmlably
F,oo(i  a~,l cclllcnt  wit]) the nlcasut  cd I csLlik. ‘1’lIc (iala, t h e  wcip,ht  )csLllts ii)
]xuticulal,  S]IOW  a smtlcwhat hi@r  dc}xn(icncc  on G tharl prcdictcd  by the rmcicl
ald also the I cduccd cicj)clldcnc,c 011 G at the up~)cl test values rcpoltcti
}jlcvious]y,8  No C]cal effect of ]Mcssutc is ill(iicatcd OVCI tllc pressure range
tcs(cci.

All cxallq)lc of the tcInl)ct atulc n~casulc]llcl~ts is ciisplaycd ill l;ip,ut c 6.
‘1’hc two 11{ t}lcrlmnctcls  initially lcad the null values SIKNVLI,  600°1: (588°K)
md ? ] OOC’l~ (] 42.O”K)  fo] the fuel sut face all(i the p,as tclnpcl rItuTc,  rq~cctivc]y.
‘l”hc initial tcnqwr ahu c ~-isc is duc to the rllc[ha!tdoxygcn  i~itition systcm  At 0.5
SCC. mc(hanc flow is tcmil)atcd, tllc oxygc]l flow late is ]aiscd to its OI)CI  ational
lcvc], ail(i tllc gas tcrq]cl atul c ami fuel sur-face l-isc to thcit cquilitmium values.
MOI c will bc said almut the p,as tell tpcl atul cs ]atcl, in ciiscussiug heal fluxes and
C* cfiicicncy,

‘1’hc fuel surface tc]npcjatul c data an(i I cgi cssioll ra(c data wcr c used to
collstl-uct an AI I llcnius  })]ot,  show’rl  ill };igul c 7, togc(hm with a con ciation of
litcl atwc },yro]ysis data fol at] 11’1’1’11 po]yr})cl .’”O IIata taken at the dcsip,ll
co[ditiolls al c shown as cil-culal points a[ld, in aciciiticul, a hallis[ic  analysis was
a]q)lic(i  to tllc ])c] ioci of ip,ilitc] opt] atioll to dcducc the lCJWCI  rcp,[cssion latcs
cxistinp, at that ti]llc (tllc squalcs). It is bclicvc(i that a nlajolity  of the data lic
smllcwhat below tllc line bccausc of the (ii fl’cl cljc.cs ii} tllc allmunt of c.al-iml
ol~acificl Cmltai!lmi in t]lc ] ]’1’}’]  ] fuc]s used irl tllc cat ]icl alKi plcscat s[udics,  ~0/0
m I(i O.? 5°/0, rcs})cctivc]y.

‘1’hc  }pl o]ysis  killctics is at I ClCJJICIIt of tllc analytical nmdcl.  ‘1’hcsc dat a
ww c used to adjust the kinetics conslarlts  ill the xtmic] to rq)rcscnt tllc obscl vc(i
IIip] ml sui face tc.llq m atul c fbl a F,ivcn  I ate, as cmll])al  cd 10 the. classical py] olysis
data
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j lcat l~lux McasuIcImIts

I;ip,u]c 8 shows aII cxm II]Ilc of tlIc  hackirlp,  of tlw total heat flux mid
]Mcssulc data, atl(l l;ip,urc 9 col]lj)alcs  tllc total and 1 adiatio]l heat fluxes fm the
sallm test. Nok,  floln  IJigut  c 8, that thcl c is a I caso~]al)ly flllitc tillm of stcady-
statc i~llitcl- opcl ation to c]lah]c usc to hc mactc of that data as discussed fol the
tcxlqm atut c Ilcasulclncllts. Illmii incl c.nsillg the oxygcl~  flow I ate, follmvillp,
lcllnitlaticm  of the ignitcl, tllctc alc imncctiatc  rcspollscs  ill both total heat flux
arid plc.wm c, wllclcas the x adiation com]xmcl]t of tllc hcatillp, takes a lo]lp,cl  tirnc
to build up. ‘1’llc initial sl)ikc in the Collvccticm flux did lmt OCCLII cm cvcI y test,

i.e., i( al)]lcals to t)c ri ]ark)ln  phCIIOIIICIK)II.  Note the list ill total arid ~-adia[icm
ilcat flux, chaml)cl 1)1 cssu] c, and cm c gas tclnl)ct aturc iultmtiatcly  pt iol” to
tcllllillatiml ofthc tcs[ ‘1’hc~c was no collcslmt(iil)p, inclcasc ill oxyp,cn  il~cdion
flow I atc to account for it. A possil)lc cx])lal]ation \vill I)c ctiscusscd latcl ill tl[c
smtion  OII  il I cp,ulal comhusticm “1’hc  obscI vcd fluctuations ill total (ccmvcdivc
co]lqmnc]lt)  heal flux at c ty})ical  fo~ these tests and will also I)c ctiscjussccl latcl.

!Si~~lificartcc of the 1 lcat l’lux Results

l{adiatioll  Gmpollcllt

l;ip,utc 10 displays tllc radiation heat flux data topjctlm wi[h ]csults of
sets of calculatimls fl om the allaly[ical lImdcl, 1 )ata ald calculations ul)dcl the
i~,tlitcl flow 1 atc cxmlitimls  alc included, a])])cal  illf, at the vc]y low plcssmcs.

Radiation from the f,as is givcll l)y:

(1)

‘1’hc Cxl )c)lml(ial cxu)stallt,  ag, il~ the cx~mcssioll fol p,as ctllissivity is cIcsc!  ihcd by
all clnpil ical cxq II Cssioll ohtaillcd fl OJI1  1 adiation ]Itcasui c.~nclds of the cmnhustiml
}uoducts  of a hig)l-cncl gy r~{)llallllllilli~ccl solicl ~~lo]]cllallt  11

ap, = 9.33 x 10”4- 6,19x  10”GP+  1.79x 10”81’2

~alcula(iorls aw slmml fol MI] thcmctical and lncasul ccl f,as tcllq)cl atul m, usillp,
the ~-adiatim  path lcllp,th (1,) as seen hy the radio~tlctcl. It is obsc[vccl that the
I[mctcl  si~~liticall(ly un(tcrcstiina(cs  the rwtiatic~ll  heat flux based o]) tllc lncasm cd
p,as tcnqw atut cs. lJsinf, the higllc] thcol ctical ~,as tcmpcl atul cs, t}m mode] still
UIId  CI cs[imatcs  the radiatiml at the 10WCI ]M cssm  CS, hut OVCI csti~natcs the
ladiation at the higtlcl]xcssurcs.  ‘1’lmsc  results mc sip~lificallt to tllc IIlcchal)istic
analysis lwmusc  they indicate that the hca( tl atlsfcr d] ivinp, the conlbus(ioll  is ~K~I
t)cit IF, I)r o~)cl ly I cplcsclltccl ill Illc II Iodcl.

‘J’llc lnap,]litudc  ald hcncl of the data suggest that thclc is a I adiatioll
c.ol~(l  ihutiol) fl oln a pa}ticlc cloud, wllicll has been ] ~] cviousl y ncglcctcd in nmdc]s
o f  ~mllalunlinizcd ficls.3’4 Videos of tllc tests slmvc(l cxtl cmcly 1)1 igll(
wllitcllcsscs  ci wulatill~ fi 0111  tllc coIIIbusIoI  wi[ldow aid cxhamt ])lUIIIC, l’ost-test
cxall)irmtiot  Is of tllc tmr IICI r cvcalcd dc}msits  of arl C.-X(T  clllcly fil]c lmvdc] y soot.
A w]]]]  dc of this soot was stuclicd ut)dcl a scanning clcctl on IIlict OSCO})C,  and was
foutld to consisl of carbon pm (iclcs <0.1 i(ln in si~c. Such pa! ticlcs would bc
hi~,llly cfl’cctivc blackhody  cttli(krs.
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IGrdiatioll  frolll a IMI lick cloud is f,ivcxl l)y:

4,(,,, ‘ O’J’*: (1 - ~“a’’N”)

‘1’hc ctatutll Imillt al 158 l)si (1.1 Ml’a) was cold)ild
])al (iclc ]lul);lm  dc]]sity t_o yic.]cl tlm followillp, cxlucssio])  fb] tlIc “Cxjmllc,iltial
col)s(allt ill this mj)lcssiml:

cyl,p

aJ,NJ,  - 0.134 -l.o/F’. cxrJ
(3)

All assull~ptioll had to bc made shout the ],al ticlc co]lccntl atiml ill the gas.
Rcfc]cllcc was IIladc to all analysisof11’1’1)11 ctccoInpositioIl”  that was pclformcd
fo] solid Iockct cxllaus~ })lunlc stuciic.s usill~,  low sllmkc ]}] o})cllallts.12 on this
llasis, i[ was cslinlatcd that the bascli~lc par liclc wcip,ht fl actiorl, a[,, could hc
O.(M5 at this lcfcmm lmiilt.

1~1 om tlIc  fm q,oillp,  CXIM  cssio)ls  fm cxllissivitics,  it wT)LIld  I)c  cxpcctcd
tlmt tllc ] adiatim would it mcasc  with ]M CSSLU c (bccausc  of irm casitlg rno]cculal
ald pal lick IIUII)l)CI  ctcllsitics).  IIu( the data at the ctcsip,a cmlditions of the k.sts
s]mw a CJCCI case CM ]wak in ladiatioll with inc] casinp, ]M CSSU!  c. SOIIIC ot]lcl factor
has mnc irlto play, which tur ns out to have iln])ol  lant ilnplications  fol I cgl cssion
Iatc analysis ald scalillp,.

‘1’hc tests as a gl OU]) COVCJ  cd a h] oad I arl~c of (M; ratios irl c)rdcr to
ac]licvc the dcsiml  specific flow r atcs ald lM CSSLU  CS. ‘1’csts  at the hi~hcl
})] cssu] m tcnckd to opclatc at }lip,hcl (VI;  ratios, While the foul tcs[s  I)clow 250
psi (1 .75 M} ’a) ml IJigw c 10 O])CI atcd at O/l; I atios of about 2, the two hig}[csl
}WC.SSUI c tc.sk O1)C.I atcd at 0/J; ratios ill cxccss of 3. An (M{ rat io of 2 is C]OSC to
stoichiomctly,  a value of 3 is WC]]  ml tllc oxidiz,cl-lich  side. ‘1’hus it can bc
Cx])cctcd that gas tclnpcratu[cs ctccl cased sm~cw’llat at the l~ighcst prcssmcs
(Incasut cd p,as tcm]xlatuj”cs  WCIC  ]imitcd to the plcssulc ranr,c showrl  hy the solid
CUIVC, so values at higllc[- pI CSSUI cs at c UW.CI lain). Radiatiml is scilsitivc. to
tcIII1m atulc. Mcrcovcl-,  it can bc cxpcctcd that the mix of cmnhustioll  p] oducts
charlp,cd UMJCI  the nmc oxidizcl-rich  cotditio~ls,  so that cmissivitics  wc.rc
affect cd also.

It is plausih]c  that lCSS soot would bc pI oduccd at higtlcl values of 0/1’
latio aid lNCSSUIC.  Stal (ing with the hasclir]c  1 S8 ~)si cm)ditim,  an cstimak was
made of the dccl case in par liclc cx~~mclltl  ation IIccdcd  to accmm( for the
dccl cawd radiation at }Iig)lcl J)I”cssut  m. ]t was assull~cd that the gas tcjnJ]cl atul cs
at tlm hip]m  0/lJ ratios dccl cased irl ]M o~m tiol] to the tl)co] cticat dccl case. ‘l”hc
result was a ])ar-ticlc  wcip,tlt fiactiml of atm[ 0.01. Sillcc the par(iclcs alc
sulullicl 011, it is c]mu~$ to pmvidc a sif,llifrcallt, thoup,h dccl cased, alliount of
ladiatioll. If this cflcct is pl-irnarily  mc of (M: latio, not JncssLIIc, tllc laciiatim
would c,ontilmc to I)c sigllifrcald  in lal-gc IXJOSICIs  dcsig,llcd to O])CI  atc ncal
s(oiclliwmtly,

‘1’IIc  rlmlcl  calculations used it I cmllstl uctitl~, l;ip,ut c 4 did not accmd  for
l~al ticlc I adiatioll m ctlallp,cs ill (VI: )atio, “1’t w aJyJal c.nt atmcllcc of a }M cssw c
effect ill the ] cgt cssiml  r atc data sccmcd to conflr II) that r actiatiorl  was
ullil]qmltald (as calculated fr 0111 the ~,as oIIly, at tlw thirulcI path Icngtll SCCJI  ty
the f~lcl slat )s), and tcmpc] atui c chall~,cs witl) 0/lJ would ltot  hc cnoup,h to



.Sirm rcgmsicx)  r atc is a ]M oduct of tllc Ics}ml)sc of’ tllc fuc,] to the sum
tot a l  of t}lc }lcating imposccf,  aid thct c apl)cal c d  to bc Ccmi})cnsalillg
disc] c])ancics bctwccn the moctcl and data rcp)ai  ding tlm cmnlm]lcnts  of the
heating, it was dc.cmc.d useful to ccm~])al c plots ofrcp~ cssion  rate and iotal heat
flux. “i’his compal ison is showrl  in ];igu!’c  ] ?.. ]1 is ohsc]’vcd that the] c is fpod
COI I clatiml ill tllc Gclc})cndcncc  foI the Iotal heat flux and I cpJ c.ssion ] ate.

sip~lifrc.a[)tly  a~cct  tlic comcctivc llcatill~ ctc])cndcIIcc Lll)oll  (i. ‘J’hus lhc  mock]

Icsult was doll)  inatcd  t)y the classical collvcctivc  hcatill~ law’, 1[ is now  cvidcII(

tl)at tllc p,ood ap~ L33ncIIt ofttIc ]Imclcl  with clala (I:ip,ul c 4) was a fm luity. l’al ticlc
ladia[ioll cat] 1~ arl illlpollant  facto] in Imlllnclrillimd  fuc]s, ald its valia[icm wittl
c1 Ial I p,cs il I d K t cst va] i able.s ] lccds to k account cd fo~.

III mdcl fm the lnodcl to l)c closc]y  aligl]cd with tllc data (h’if,mc 4),
tl)cl c ]nus( Ilavc bccll c1 i o]s i]] Ihc cc)lwcctivc com]mm]t of the hcatill~ to
colllpcnsatc  for ncplcct of the ]m liclc ladiatioll and ils variations wit}~ tcs(
mditiol )s. ‘Illis was indeed the case, as slmvrl by l;if,ut c 11, ‘1’hc ti~ulc disj nays
tllc cmlvcc(ivc heat flux data tq,cl}icl with calculalccl I csults fw the thco] c(ical
and IIlcasulcd gas tclnl]cratulcs. ‘1’hc fla~~cd data ]mil)ts  WCI c coIIcctcd  to

colnl)cllsatc  h ttIc fact that they w’cI c kyol  d tllc ]incal cxll a]mlalion rall~,c of the
10WC3 I mlp,c c.ale) illlctcl. l>ata fr Oln the low flow I atc i~,llitcl O})CI  atiml  @IC  also

it wludc(l.

‘1’IIc c4)lwctivc heat flux used ill tl)c II IOCIC1 (as SCCII by the cak)] inlctct

p)aufic, ill llIc al)scncc of sui face tl alls])ii atim))  is CX1)I csscd by:

0.03 GO” Q~>c.. - - -
o . ?  p?/3

Cg (7’g - I:q)

(x/pg)  ,

lhldc] tllestca(ly-statc cc)ll(liti()lls  c)ft}lc  tests, tllccalcLllatcCi coll\,cctivc  tlca(ir]p,
Llsill~, tilctil~J1ctica] gastcJ1l]lcl-atll! cistoo}lig)l  attl)c](J\!fcr  \ra]ucsof(i,  (Jsirlp,
tl lc n icasu] Cd p,as tcin]m ahu cs, the calculakxl ccmvcctivc  heat iTlg is too low at the
hip,l]cl  valucsof  (i, ~orlditic,lls  \411clc tllcl]ldclo \lclcs(illlatccit }lcc{~llvcctioll
CXMI  c.qm]ld to those wlm c it UIKICI  cstiulatcd thes actia(io[l, “1’hc  ip~~itc~ data Iinc
~lJ)\\’idl  t]lCtCs[ (]atat}latfa]l  alOIl~t}lC  ]il)CS()ffllC t}lC()ly  LISill~t})C IIlCaSLlI"Cdp,aS

tcmpcl  atul  CS.

fkl J elation of ‘1’otal 1 lcat lilux with l{c~l cssioJl Rate

‘1’hc sca(lcl- in  the data showr)  in l~i~ulc 1?, takcll togcthct with
diffclcnccs  hctwccl~ the mode] and data lcgaldirlp, rcglcssion  ~atcs and
ti)lilll{)l~cllts  clfl)cat fl~lx,l-aisc ailirll])o!  lalltlloillt, l’altofwllat  scclnstobcclata
.Scat[cl al~dcliwlc]~at~cy  fic)lll fljc(Jry lllayactLla]]y bc\~al'iatioIls  i]l])l(J]]cll  icsfl()lll
test totcst ttlatita~~c ]~ott)ccll  acco~llltcdfol  irltlsillp,t}lctltco~~~. ‘1’hcscillc]Lldc
va]iatiojls ill ladia[im  and gas co]nr)ositiol) that chall~,c w’i[h  ()/1~ ratio and
l)ICSSLIIC. w]lilCit W'()Ul(]  ~)CC()IIl])]lCatC(] tOIIIC]U(lC  t}lCSCCflCCIS 111 I)]()tSOf Clata

all(iti)colyll)cal)t to  showI tl)c basic  ~T-clcpcndcrlcc, t})cy should I)c accounted fo~

WIICII  irltct~)l-c(ir)  p,ir)dividual tcstsard irlxtlakil)p, ])lc(iictior)sol scalir)p,  t)ccausc

()/1~ Iatio a~d pIcssu Ic d o  cl)allgc  alwlf, with chanp,c.s  i]) G in tl)ccoulsc o f

(Icvclo})]r)cllt  1)1 op,t alns and tcs[s,
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Sip} [ificalltly,  ttmc has lmt bccll a sinpjc Icgrcssion late cxIJ1cssioll that
C.x])licitly illclu(tcs O/l; ]atio (whctl)cl rmalylical 01 cm]]ilicral), amt mlly a fcw
illcludc I)IcssuIc (cvci) fol- mctalliml  fllcls).4 ‘1’hus it should not bc surpI ising that
statistical val ia(iom as hip,h as 1 60/0 have been fcm[l(t  wllcn app]icd  aIm[ct io] i to
COI  Iclatc cxistill~, data, ald as IIif)l as “/40/0  wlicII  a]l]llicd a ])] ioli to ])~cdict 01
scale lcp,lcssicm latcs.4

A frl)al poiut is that these slab c.ol~ibus[ol  tests have now Icachcd a (i
ICVCI that touc}lcs  the low cml of the r allf,c cncouutcl cd ou tllc JIRA1 ) progr am 13

(l)lllbustio]l  l;flicicllc.y

C* cllcicucy  was mcasuJ  cd ill the COUT sc of the sc[ics of tcs[s. A factor
cnllancirlp,  the accu]acy  of tllc results is the abscncc of non,lc tla oat erosion (a
sig[ ]iticald soulc,c of C* ullccl [ai!lty  whcll ])1 cscnt ia solid I ockct moto[ tests). It
was fburd  that C* cflicicucy was low at low 1)1 cssru cs (below almrt 200 psi (1.4
Ml’a)) O] at low 0/1: ratios (below almut 1.7, ml tllc fllcl-1 ich side of the
stoichio]nctlic  value of 2..0).

]’lots of C* cflicicrlcy vc] sLls  111 cssra c slid O/l; I atio arc shmwl iil
l;ip,ul cs 13 ald 14, I cslmtivcly.  1:01 the sake of clar ity, the low cflicicllcics  at
low (M; ratio MC CXCILKM  fi mu l“ig,urc 13 and the low values at low pressure al c
CXCILldCd flollt lii~,ulc 1 4 . Thus l:ip,ut c 13 slmvs tllc cfTcct of pl CSSLIIC  at
favol able 0/l;,  aud IJigul c 14 shows tllc effect of 0/1: at favol able plcssurcs.

‘]hc cfhcicncy  illcrcascs with pI-CSSLU c, as would bc cxlIcckd,  but is at

hi$lct ICVCIS  Ulau ][]ight  bc cxpcztcd co~lsidcliug,  (hat thcIc atc 110 special mixirlg
aids and a lalmato~-y-scale test ctcvicc is used It is possible that the cmccm
almul comhustioII ctlcict)cy with hyln ids has actually bccl] a qucstim of ctlcic]lt
liquid aton)imtio]]  and ]Iot OI)C  of fuel-oxidizer ~rlixiug. Sigrlifrcat)tly, these tests
c]n]~loycd  p,ascous oxyp,cll  as tllc injcc[alll. If this asscl [ion is h uc, then fuhu c
motor ‘dcvclopmcn(s  should cxmccrltl  atc m the irljcctant systcm fm the licluid
oxy~,cll ]nolc so than or] an crld ruoto] ar I anf,crllclds for Iuixing, ]’I iol nmts for
such rnixiu~ ar I allp,crncllts rllay have twcll a camc]ucrlcs  of the liquid atmnizatiorl
rather than the boundal”y layer Iwoccss  pcl SC. ‘1’hc  costs of )Ilor c sophistication
ill the liquid injection may bc worth the potcutial wcigllt  and sl]acc saviu~,s in the
]] rotor, rulci rllay also bc hcl]]fLll to stability of opcr atiorl

U’igmc 14 is irltcrcstint, bccausc it shows that cficicncy lcmains hip,h on
tt]c oxidi~cl--l-icl) side of s(oichiorucb  y, hut falls oft- ra])idly  ou the fuel-rich side.
A p]ot of the thcor ctical tllcr’ll](x}lclllical tclnpcraturc is irlcludcd to explain this
Icsult Note ttlat the tcrn])cr atulc is at a peak rlca! sk)ichio~llctl  y, r cmaiils  hi@ cm

ttIc o.xidim-r-ich side and falls ofl on the fuel-rich side. l“his susgcsts a kirlctics
I attm tharl mixinc limi{atiorl  orl the co]nbus(io]l  of the f,ascs ill the burner cavity,
wllicl] su})porls  the above asscr [ion that mixirl[)}  })cr sc may I lot have bccrl tllc
]M ob]cru  with cfllc.icncics in hyh] ic]s,  hut ratllcr rum c a[(culiorl should bc F,ivct)
to liquid atolni~atioll IJigul c 14 data also suggest that O/l; cxcul simm in a nmtor
dcsip,ll s]mLlld  ccutc[ on oxidi~c] -r ichllcss  ill CM dcl to aVOid fuel-rich rCgiO1lS.
“1’his illfol Illatiorl could bc wor 111 collsidcl able dclivcl cd pcrfolruancz  ]Ioillts.

1:01 m ul]lctcrlcss, tllc rucasru cd cor c p,as tcllll)c)  atul cs al c also showrl
011 l:if,ulc 14,

l;i~,ulc 15 plcscrlts a collclatioll of ’n)casulcd (:* cflicicrlcy with
rncasul  cd gas tcrrlpcl alul c ctlicicllcy, Siucc tllc squal c root of tcru}m atul c

a])lwals irl the dcflllitiorl of (1*, tllc tcl[l])cl  slut c cfl’lcicllcy is cxl)lcsscd  ill tc]lns
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of tllc squruc  100(  of tcm]m ahuc I atio. ‘llm cul vc fit to tllc data assu!tlcs  1000/0
(1* cflicicxtcy  rii 100’% p,as tcln])clatu]  c cfhcicncy, by ctcfi~litiml,  ‘1’hc Cm I clatioll
was maclc as a clIcck olI  the clcdibility of the tcllq)clatutc  data, which a]q)cals
valictatcd, atd also to show the Sclisitivity of (~+ cflicicllcy to tcnl])c]atu[c
I cp,adirl~,  the ilnpol lalmc of kinetics. ‘1’llc hip,h initial s]opc of tllc collclation
ildccd shows that C* cffrcicncy is scrtsitivc  to tllc tc]npcl slut c ctcvclo]mt by the
co]nlmtk)ll Silm  this is a vicious cil clc t>q)c of l]] occss, the nm c favor able the
(Yl; I atio fol llip,llct tctn]w atur c capability, the bcttc] the cic]ivcl cd ])CI fol lnancc.

III cp,u]al (lmbustion

“1’hc total heat flux exhibited a lnoctulation in amp]itucic that bore, in
II lally c.ascs, a I ough col I clatio]l with the 3 to 4 1 lz oscillatimls itl p]cssurc  oftcll
ol)scmxi in these tcs[s,’ with the mol-c ra])icl  tinlc-l-cs~)onsc  pI-CSSUrC sipjlal
mcillatiol]s lcaclinf!  ili ]hasc. P’ip,u[c  16 slmvs a case wllcic, at a l)LHII  titnc of 2,1
sec., tl)ci c was a rtis[inct rise ill tllc ]ncan l)lcssLII c level, with sulIcI imposed

higltc]-  f] c(lucIIcy  oscillations (-30 I b, slill WC]]  bclmv the acoustic l-angc). A
con]])al at~lc stc]) irlcl case in mean total heat flux (-40°/0) and appl oxilnatcly
20001: (365 “K) inc]casc in gas tclnl)c[ ahwc occur I cd, ‘1’hc rate of oxy~cn
injection l-cmainccl cons(ant.  ‘1’hc phenomenon (d.c. shift in mean pr-cssurc  with
OIEM of illstahility) has t})c alpcat  arlcc of the rcctifica(ion  t}lat OCCUIs in acoustic
velocity-coul)]cd ills~ability ill solid ])1 oI~cllarlt ] ockcts.14

‘1’hcsc  observations suppol  t the car licl l)oshllationB that the di ivillp,
lncch:ulis  n fb] the exhibited sub-acoustic Iwcssul c ir-r cp,ulai itics is smnc type of
flc)l$’-colllt)tlstioll twtwlcncc irltcl actiml alonp, the sul face of (hc fLlcl/plopcllallt
s] at>,

1.

?..

-3. .

4.

s,

6.

(ollclusiorls

Ally ]nodcl of the hybrid rnc~to] ignition process will have to bc able to
dcscribc the plogrcksion  of the foe] sul”facc tc[n])ct atur’c-tilnc pIofilc,  as
obscl.vcd in these cx]xx ilncllts.

‘1’hc  mcasuwd fllcl SUI fam tcrnpxatul  c data WCI  c in fail aglcclllcjlt with
litcl ahn c Iyrolysis  data fbl 11’1’1’11. A Jmbablc  cxplallation fc)~ the
diffclcllcc is the hip,tlcr collcc]]tr atioll c)f calbon o})acificr contained in
tlIc  I 1’1’1’11 fol the lattcl,

l’alticlc ladiation fi oni fine ],owctcly soot is a sip~lificant colltritmrto]’  to
the heat flux drivinc the l-cp,lcssio~l I-ate ofapulc11’1’1)11 fuel, and should
bc accmrlltcd fol il I fuhm alq~lications of the analytical model to ]wcdict
rcp,t cssion I atcs and scalinp,.

l;O1 the most pal t, measured colwcctivc heat flLm  is collsistctlt with tllc
tulbulcnt bmudaly  laycl law that is the ]M ilnal y nlcc}lanism fol- dt”ivillg
ICFJ cssion I ate. ‘1’o ttlc cx[cld that tllclc is a disc] c]~anc,y,  all adjustlncllt
could bc n]adc to the value of tllc convcc(ioll  cocflicicnt in the mode].
Mow data is nccclcd at hiphc] values of flow rate (G) allcl pl cssut c,

‘1’hc  G-dcpcrkr)cc  of Icp,i cssioll ralc is mlsis[cnt  with tha[ of the total
]Icat flLIx impat  [cd by t}lc  con) bustiol) ]11 oduck a~l(i flow crlviroluncl)t

Wtlilc data scat(ct ill ~dots ofrcp,lcssiml  I atc vs, (i nlay bc CIUC il) ])ar~ to

vap, alics ill hyblid flrcl c,omlmstiorl,  it is bclicvcd that it is also duc to
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vmiations in p,as ])lo})cliics  and ladiatioll as aft’cctcd l)y val iatiotls i])

(YI; latio and Iu CSSUIC. l; UMICI,  it is t)clicvcd  that failul c to accomlt fol

tllcsc ctmnp,cs  in moctcls a[d Clnpilical  cmlclatiorls i s  a  )casol)  fol

statistical val iatimls in the data and ctjors irl lJlcdictiolls  atd scalillp,.
11’u(uI”c  analytical cffo] 1s should t] y to account fm tllcsc val iatiolls and
Imssibly  cxIdoit  thcln (0 im]mvc J cp) cssion ] alc ]M opcl tics.

7. Qmbustion cftlcicncy of11’1’1’11 with p,aseous oxygc]l  in a Ialm ato~y -
scalc cmnbustol-  is suqwisingly  good at 1)1 cssut cs above 200 psi (1.4
M]]a) and at (M; I aticrs that alc not too fuel-rich. ‘J’hc maintcllancc of
hi[$  cfticicncy undc] oxidixcl -rich cmcti(ions  ml the shat I) ch op-cff
with fuel-l ichncss suggests the marmc[ to handle (YL’ cxcur sio]ls in a
clcsip,tl  to impmvc  ]~cl-fcmnance. (h{ elation of cfllcicncy with the
tcm])clatul c of the Cnvimnlmlt,  and the achicvcrilcnt  of good ctlicic~lcy
with p,ascous oxygen, sugp,cst that fuclkmidizcl nlixinp, has Ilot hccn tllc
]imitillp, ]mohlcm in hybrid  cfticicncics.  Rathcl, III()[  c attention slmuld
bc p,ivcn to liquid atomization, and actcquatc lcmpct ahu M to cnhancc
kinetics.

“J’hc assistance of the “1’cc]mical  opcl ations personnel at the J}’] ~
1 klwal ds l;acility in pcrfmninp,  the slab ccmlbustol cxpc] ilncnts is gl atcfully
ackl IOW]CdF,CCt

‘1’hc research (tcscl ibcd in this papcl was earl icct out at the Jet
1’1 ojmlsiol] 1 .at)ol atmy, ~alifc~lnia lnstitutc of ‘1’cchnology, ul]ctcl Collh act with the
National Acmnautics  and Space Administration
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